Study Design. A retrospective radiographic analysis. Objective. The aim of this study was to investigate the scoliosis curve patterns/features and magnetic resonance imaging (MRI) tonsillar ectopia characteristics in Chiari I malformation without syringomyelia (CMI-only). Summary of Background Data. The development of scoliosis associated with a CMI typically has been ascribed to the presence of syringomyelia. However, a subset of CMI patients with scoliosis may not have a concomitant syrinx. Scoliosis in these patients has been very poorly documented in the literature. Methods. A retrospective study was conducted on patients with a scoliosis secondary to CMI-only. The curve direction, curve pattern/features, and side of the dominant tonsillar ectopia were recorded and assessed quantitatively. On the basis of the measurement results, associations between the scoliosis curve patterns/features and MRI tonsillar ectopia characteristics were analyzed. Results. A total of 26 patients, consisting of seven males and 19 females with an average age of 15.4 years, were included in the current study. In 19 patients with asymmetrically displaced tonsils, the concordance between the dominant side of the asymmetrically displaced tonsils and curve direction was 78.9%. A statistically significant association was found between the dominant side of the tonsillar ectopia and the convex side of scoliosis according to Fisher exact test (P ¼ 0.045). In addition, it was noted that there was a high incidence (52.9%) of atypical curve patterns in CMI-only patients. A significantly high incidence of atypical features with a superior shift of either the apical or the end vertebrae was found in 85.7% of thoracic curves and 40% of lumbar curves. Conclusion. Scoliosis associated with CMI-only was found to have atypical curve patterns in all cases, and the direction of scoliosis was highly consistent with the dominant side of asymmetrically tonsillar herniation. These findings should be considered as an argument in favor of a nonidiopathic etiology and lead to more evidence that simple tonsillar impaction can provide enough impetus to produce or exaggerate scoliotic curvature.
S
coliosis is commonly associated with Chiari I malformation (CMI), of which the concomitant rate ranges from 15% to 50%. 1, 2 Despite the established clinical association between CMI and scoliosis, the pathogenic association between CMI and the development of scoliosis has remained unknown to date. Recently, several studies revealed that the convex side of scoliosis tended to be on the same side as the dominant side of asymmetrically displaced tonsils, supporting the hypothesis that the asymmetrically displaced tonsils might cause a direct compression of the dorsal columns of the spinal cord, thus providing the impetus to initiate and propagate scoliosis in CMI patients. [3] [4] [5] [6] [7] To our knowledge, however, all these studies have only been performed in the mixed groups of patients with CMI and/or syrinx. The scoliosis in these patients was not only convex to the dominant side of the asymmetrically displaced tonsils but also to the deviated side of the eccentrically located syrinx, indicating that the deviated syrinx might also be involved in the regulation of curve direction, so that determining the exact correlation between tonsillar ectopia and scoliosis remains difficult.
In an attempt to remedy these limitations and to further clarify the finding about the etiologic factor of asymmetrical From the tonsillar ectopia in the development of scoliosis, we investigated the scoliosis curve patterns/features and magnetic resonance imaging (MRI) tonsillar ectopia characteristics in CMI without syringomyelia (CMI-only), to explore the role of tonsillar impaction on the occurrence and exaggeration of scoliosis.
MATERIALS AND METHODS

Patients
With the approval of the institutional review board, a retrospective radiographic study was performed on all CMI-only patients treated at our center between January 2007 and March 2013. The inclusion criteria were (1) diagnosis of CMI (tonsillar descent beyond the foramen magnum !5 mm ; and (3) whole-spine MRI with adequate coronal images through the foramen magnum that clearly revealed the inferior pole of the bilateral cerebellar tonsils. Exclusion criteria were (1) any case with a syrinx in the spinal cord; and (2) any case with acquired displacement of cerebellar tonsils, congenital spinal deformity, and cord malformation.
Radiographic Measurement
On the standing posteroanterior radiographs, the collected coronal data were the overall curve pattern (curve location, curve direction, and the magnitude for both primary and secondary curves) and specific curve features (end vertebrae, levels, and apex). 9, 10 The direction of the curve was determined by the primary curve's convexity and then defined as right sided or left sided.
Coronal, sagittal, and transverse MR images were obtained using T1-weighted and T2-weighted spin-echo techniques. On the T1-weighted midsagittal images at the cervicooccipital junction, the degree of cerebellar tonsillar descent (CTD) was classified into three grades 11 : Grade I, in which the tonsil descended over the foramen magnum but did not reach the C1 arch; grade II, in which the tonsil reached the C1 arch; and grade III, in which the tonsil descended over the C1 arch ( Figure 1A ) On coronal plan, the descending distance between the inferior pole of the cerebellar tonsil and level of the foramen magnum was further measured on both sides from the T1-or T2-weighted images at the level of the foramen magnum where the inferior poles of the bilateral cerebellar tonsils can be clearly demonstrated. The asymmetry of tonsillar herniation was assessed using the deviation ratio, of which the descending ratio of the right-side distance to the left-side distance of more than 1.10 or less than 0.90 was defined as asymmetry ( Figure 1B) . 3, 5, 6 All of the above parameters were measured by two experienced spine surgeons independently using a Picture Archiving and Communicating System (PACS; Pnoenist Information Technology Co., Ltd., Shanghai, China), and the average value was applied in this study.
STATISTICAL ANALYSIS
The medians and SD were calculated for the age, Cobb angle, and descending ratio of the tonsillar ectopia in each patient. Correlation analyses and Fisher exact test were used to analyze associations between the asymmetry of tonsillar ectopia and the presence of scoliosis (curve direction and curve pattern/features). The Statistical Package for Special Software (SPSS, version 13; SPSS Inc., Chicago, IL) was used for all statistical analyses. The statistical significance was set at P <0.05.
RESULTS
Of 176 patients with CMI-associated scoliosis recorded in our scoliosis database in the reference period, 26 (26/ 176,14.8%) patients with scoliosis secondary to CMI-only, consisting of seven males and 19 females with an average age of 15.4 years (range, 6-28 years), were enrolled in the study (Table 1) .
Radiological Features of Scoliosis in Chiari I Malformation Without Syringomyelia
Of all CMI-only patients, a single thoracic curve was identified in 46.2% (12/26) of cases, and 41.7% of them were left Figure 1 . A 13-year-old female with a scoliosis secondary to CMI-only. A, An MRI shows Chiari I malformation with no associated syringomyelia, and the tonsil reaches the C1 arch (grade II). B, The descending distance between the inferior pole of the cerebellar tonsil and the level of the foramen magnum was measured on both sides. The descending ratio of the right-side distance (DL) to the left-side distance (DR) was 1.48 (9.6 mm/6.5 mm). C, This double thoracic curvature has an atypical pattern according to the Spiegel classification system for scoliosis. 9 sided. Moreover, a right thoracic and left thoracolumbar/ lumbar curve was found in five, a double thoracic in two, a long right thoracic curve in two, and a triple curve in two.
Comparisons of the frequency of curve patterns between the adolescent idiopathic scoliosis (AIS) (prevalence reported by Coonrad et al 10 ) and our CMI-only groups are presented in Table 2 .
To compare curve patterns in the CMI-only patients with idiopathic ones, we used the concept developed by Spiegel et al, 9 namely ''typical'' curve pattern/features. ''Atypical'' refers to patterns or features seen with a low frequency (less than 2.5%) in the idiopathic population and often implies underlying neurological abnormalities. According to classification system for scoliosis by Spiegel et al, 9 the CMI-only patients were separated into ''typical'' curve pattern group and ''atypical'' curve pattern group. ''Typical'' curve patterns are as follows: right thoracic, right thoracic/left lumbar, right thoracic/left thoracolumbar, thoracolumbar, and lumbar curve patterns. ''Atypical'' patterns would therefore include left thoracic, left thoracic/right lumbar, left thoracic/ right thoracolumbar, right (King 5) and left double thoracic, long right thoracic (King 4), and right and left triple and quadruple curve patterns.
In the group of patients demonstrating typical curve patterns, the apex vertebrae and rostral/caudal extent of each curve (Table 2) were also determined according to the same classification scheme by Spiegel et al. 9 Any superior or inferior shift of the upper or lower end vertebrae, and/or the apex would therefore be considered as an ''atypical feature'' in typical curve pattern.
''Typical'' Versus ''Atypical'' Curve Patterns According to the proposal by Spiegel et al, 9 13 of 26 cases fell into the ''atypical'' category. Patterns with a left thoracic component were identified in seven patients (26.9%), including single thoracic (n ¼ 5, 19%) and left thoracic/right thoracolumbar (n ¼ 2; 8%). Patterns with an upper thoracic component (double thoracic and triple curves) were observed in four patients (16%) and a long right thoracic curve (King V) in two cases (8%) ( Figure 1C ).
''Atypical'' Features in Typical Curve Patterns
In patients with a typical curve, a thoracic curvature was observed in 12 of 13 (92.3%) patients, and in contrast, the single lumbar curve was identified in none of this cohort, which is extremely uncommon. Furthermore, although 13 cases fell into this ''typical'' category, none of our cases actually met the criteria for a ''typical curve pattern.'' Atypical features within these 13 curves included a higher apex and/or upper end vertebra in all the upper curve and either a higher or lower upper/lower end vertebra in the lower curves (Table 3) .
As one of the most common curve patterns in scoliosis, the right thoracic (King III or Lenke I) pattern was seen in seven (27%) cases, and all were shifted superiorly (the upper end vertebra between T1 and T4), although the lower end vertebra was lower than in the study by Coonrad et al 10 in two of the curves.
Correlation Between the Dominant Side of Tonsillar Ectopia and Convex Side of Scoliosis
According to the CTD grading criteria, 20 patients (76.9%) were identified with grade I tonsillar ectopia, six (23.1%) with grade II, but none with grade III. The tonsillar herniation was found to be right-dominant in 12 patients (47.1%), left-dominant in seven (44.2%), and symmetrical in seven (8.7%) ( Table 1 ). The curve direction tended to the left in eight patients (30.8%) and to the right in 18 (69.2%). The mean Cobb angle was 46.78 AE 17.78 (range, 208-818).
The correlation between the dominant side of tonsillar displacement and the convex side of scoliosis is illustrated in Table 3 . Of 19 patients with asymmetrically displaced tonsils, the direction of the scoliosis was consistent with the dominant side of tonsillar displacement in 78.9% (15/19) . A statistically significant association was found between the dominant side of the tonsillar ectopia and the convex side of scoliosis according to Fisher exact test (P ¼ 0.045).
DISCUSSION
Although scoliosis is a relatively common condition, observed in approximately 15$50 % of CMI patients, the mechanism by which scoliosis develops secondary to CMI remains unclear. Most experts ascribe the occurrence of scoliosis to the presence of CMI-associated syrinx, which induces the denervation of paraspinal muscles, thus leading to an asymmetrical pull of the vertebral musculature with resultant scoliosis. [11] [12] [13] [14] However, presuming that the damage to the balance of trunk musculature is caused by increased intramedullary pressure due to syringomyelia, then there would seem to be a causal relationship between the damage caused by syringomyelia and scoliosis formation. However, syringomyelia does not completely explain scoliosis, which develops in patients without a 1  T7-T12, T12-L4  T10, L3  0   R triple  1  T1-T5, T5-T11,  T11-L4   T3-T4, T8, L2  2 (8%)   L triple  1  T4-T9, T9-T12,  T12-L4   T6-T7, T10-T11 
The coronal plane classification (2000 cases) by Coonrad et al 10 is based on the SRS apical vertebra. Curve patterns are listed in order of frequency, and typical levels and apex are listed for reference. The distribution of patterns seen in our patients (n ¼ 26) is listed for comparison, as well as the distribution in a combined series of our patients and patients reported in the literature. APV indicates apex vertebra; L, left; LEV, lower end vertebra; R, right; UEV, upper end vertebra.
syrinx. Actually, 10.5$27.3% of CMI patients who have scoliosis do not have concurrent syringomyelia. [15] [16] [17] Consequently, interest has arisen recently in exploring whether direct compression of the spinal cord, caused by tonsillar ectopia, is involved in the etiopathogenesis of scoliosis in CMI patients.
Over the past few years, the association between tonsillar ectopia and scoliosis has been demonstrated by many studies. In reviewing the abnormal positions of cerebellar tonsils in 203 scoliosis patients, Sun et al 18 reported a significant correlation between tonsillar ectopia and an uncommon thoracic curve. In a series of 17 CMI patients with a single curve, Cheng et al 19 found that the concordance between curve convexity and the dominant side of the tonsillar ectopia was 70%. Similarly, in 42 patients with a CMI reported by Tubbs et al, 4 the unilateral symptoms/ physical findings corresponded to the asymmetrical tonsillar herniation. Recently, Zhu et al 5 also mentioned that correlation of the dominant side of the tonsillar ectopia with the convex side of the scoliosis occurred in up to 88.5% of CMI patients. These results implied that the direct compression of the dorsal columns of the spinal cord by the impacted cerebellar tonsils might interfere with spinal cord function, thus providing the impetus to initiate and propagate scoliosis. 7, 20, 21 To our knowledge, however, all these studies have only been performed in the mixed groups of patients with CMI and/or syrinx, indicating that the correlation between the tonsillar ectopia and the regulation of curve might be subject to the influence of the syrinx. Hence, there remains conflicting evidence surrounding the influence of tonsillar ectopia on the development of scoliosis. [3] [4] [5] [6] 19 In an attempt to remedy these limitations and to further clarify the findings on the etiologic factor of tonsillar ectopia in the development of scoliosis, this study aimed to conduct a thorough and quantitative assessment of the relationship between the tonsillar ectopia and the presence of scoliosis in a special population with scoliosis and CMI but without syringomyelia.
In the cohort presented herein, our results showed that, in 50% of the CMI-only cases, the curve pattern was found to be ''atypical,'' such as left thoracic, triple curve, or even reverse King IV, which were obviously uncommon in comparison with the one observed in idiopathic ones (11.81% 10 ; Figure 1 ). In addition, a close look at the position of the apical and end vertebrae in the remaining half of patients with a ''typical'' curve pattern demonstrated that, even in these ''typical'' ones, all of the curves demonstrated some ''atypical'' features, namely a shift of the apical and/or the end vertebrae. Consequently, scoliosis associated with CMIonly was found to be ''atypical'' in all cases. Although no explicit explanation can be obtained from these results, it seems plausible that the scoliosis in CMI alone should not be considered the same as idiopathic scoliosis, and the direct tonsillar impaction might provide the impetus to initiate the spinal deformity. 9, 11, 22, 23 To better understand the role of tonsillar impaction as a potential risk factor for the development of scoliosis, we further explored the correlation of the coronal asymmetry between tonsillar ectopia and scoliosis. In our series, the incidence of asymmetrically displaced tonsils was 73.1% (19/26) , and the convex side of the scoliosis was the same as the dominant side of the asymmetrically displaced tonsils in 78.9% (15/19) of the patients in whom the tonsillar descent was asymmetrical. These results are consistent with the results of previous studies and suggest that the curve convexity could be influenced by the asymmetry of the tonsillar ectopia in the absence of syrinx. This high concordance might be explained by the hypothesis that the asymmetrical tonsillar ectopia causes pressure in the spinal cord parenchyma, leading to the development of scoliosis because of damage to sensory afferents. 19, 21 To summarize, scoliosis associated with CMI only was found to be atypical in all cases, and the direction of scoliosis was highly consistent with the dominant side of asymmetrically tonsillar herniation. These findings should be considered as an argument in favor of a nonidiopathic etiology and lead to more evidence that simple tonsillar impaction can provide enough impetus to produce or exaggerate scoliotic curvature. Morever, as it is recognized that asymmetry of tonsillar ectopia is associated with the direction of scoliosis, two interesting questions are (1) whether or not simple tonsillar impaction can induce enough asymmetrical muscle tone as to exaggerate or produce a scoliotic curvature; and (2) whether the asymmetrical tonsillar ectopia could be considered as a treatment implication that make craniocervical decompression necessary. Further investigation and experimentation into this area is strongly recommended. 
